Polycrystalline La 2 NiMnO 6 prepared by sol-gel auto combustion technique is found to possess dual crystallographic phases R-3c (71 vol. %) and Pbnm (29 vol. %), with respective ferromagnetic transitions at 277 K and 160 K, respectively. The impedance data are analysed via Havriliak-Negami equivalent for impedance (HNEI). Using HNEI equation, the resistance "R," relaxation time "s," and symmetric "a" and asymmetric "b" broadening parameters, for the two crystallographic phases are obtained. The dielectric relaxations for the two crystallographic phases are found to be independent of each other. The activation energy of relaxation for the R-3c and Pbnm phases is found to be 147 meV and 88 meV, respectively. Strong correlations of dielectric relaxations with the magnetic phases are seen. Before the onset of ferromagnetic transition, i.e., above 160 K for Pbnm and 277 K for R-3c phase, relaxations are dominantly non-Debye type. Once the ferromagnetic state is achieved, relaxations attain Debye nature. Hopping type conduction mechanism is confirmed from electrical transport measurements: nearest neighbour hopping near room temperature and gradual transition to variable range hopping (VRH) at low temperature. Signature of short range magnetic ordering, reminiscent to Griffiths like phase, is seen in the temperature range 295 K > T > 277 K. V C 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
In recent years, double perovskite oxides have drawn enormous attention due to their spectacular properties such as colossal magneto-resistance, 1,2 colossal magnetodielectricity, 3 half metallicity 1, 4 and room temperature ferromagnetism. 5 In particular, La 2 NiMnO 6 (LNM) have been of considerable interest because of the rich physics involved and their prospects for spintronics applications such as magneto-dielectric capacitor, 6 spin based sensors, multiple state memory elements, 7 spin tunnelling junctions, 8 and even possibility of high Tc superconductivity. 9 LNM is a ferromagnetic insulator having Tc $ 280 K. 10 The ferromagnetic ordering originates due to super exchange interactions between ordered Ni 2þ and Mn 4þ ions. 11, 12 The Mn-O-Ni super-exchange interaction has been found to be very stable against external pressure, at least up to 38 GPa. 13 Hence, any effect having its origin in the coupling between charge, spin, and lattice degrees of freedom [14] [15] [16] may have giant implications such as giant magneto-dielectricity, giant magneto resistance, etc. This makes the material technologically very important.
Sometimes signature of another magnetic transition at lower temperature T $ 150 K has also been observed. 3, 17, 18 In LNM epitaxial films prepared via pulsed laser deposition technique, this low temperature transition has been attributed to the disordered phase. 19 By another group, the low temperature transition in single phase LNM prepared via Pechini method is attributed to antisite defects leading to ferromagnetic-spin glass transition. 3 The low temperature transitions in LNM prepared via solid state reaction method have been ascribed to the FM interactions related to the Ni 3þ and Mn 3þ Jahn-Teller ions. 17 In samples synthesised by low temperature glycine-nitrate method, the high temperature ($280 K) transition is attributed to ferromagnetic Tc corresponding to R-3c (rhombohedral) phase and low temperature ($150 K) one as the ferromagnetic Tc to Pbnm (orthorhombic) phase. 18, 20 Interestingly, nano crystalline LNM with orthorhombic symmetry (Pbnm) shows only one magnetic transition around T $ 200 K. 21, 22 Relaxor 23 like ferroelectricity and multiferroic behaviour is also reported for nanoparticles of LNM. 22 However, the possibility of relaxor behaviour is completely ruled out by Chandrasekhar et al.
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Two Phase systems like composites 25 and epitaxial multilayers 26 have shown enhanced magnetoelectric effect than the parent single phase systems. The enhanced magnetoelectric effect is due to indirect magnetoelectric coupling via strain between the two phases. LNM is one system which can be tailored to single or biphasic on tuning the synthesis process and hence seems to be a viable candidate for investigation. Before that, the various phases (magnetic and crystallographic) and their implications on the system must be analysed in detail. That is why, in spite of several reports of low temperature magnetic transition and dielectric relaxations, the LNM is reinvestigated. In the present study, signature of Griffith phase is seen in magnetization data and strong correlation between the relaxation processes with the magnetic phases has been found.
II. EXPERIMENTAL DETAILS
Polycrystalline LNM sample is prepared by sol-gel auto combustion technique. 27 form an emerald green solution. The solution is continuously stirred and slowly heated till the gel formation. After gelation, the solution is further heated at 150 C on the hot plate to undergo combustion forming black powder. The desired powder is ground properly and pressed into pellet of 10 mm diameter and $1 mm thickness. The pressed pellets are sintered at a temperature 1000 C for 12 h in a muffle furnace. Some of the sintered pellets are crushed and reground for x-ray diffraction (XRD) measurement in Bruker D8 Advance X-ray diffractometer. Magnetic data are collected in the temperature range 2 K to 300 K using 9 T PPMS-VSM (Quantum Design). DC resistance is measured by Keithley 6517B electrometer and the ac impedance measurement is done with SR 830 Lock in Amplifier (LIA) using a technique described elsewhere. 28 The temperature variation is achieved using closed cycle refrigerator (Janis, USA).
III. RESULTS AND DISCUSSION
The XRD measurement of sintered LNM powder is carried out in the 2-theta range of 10 -80 . The data so obtained are refined via Reitveld method using FullProf program to explore the structural details. The Reitveld refinement reveals biphasic nature, i.e., coexistence of rhombohedral R-3c [a ¼ b ¼ 0.550149 (6) components of impedance at various temperatures are plotted as Nyquist plot in the complex plane ( Fig. 2) . At 300 K, a single semicircle is obtained. As the temperature is lowered, near T $ 280 K a tail appears on the high frequency side. On further lowering of temperature, this tail grows as another semicircle (hence onwards second semicircle) and initial semicircle (hence onwards first semicircle) becomes bigger and partly goes out of frequency window. For still lower temperatures, the first semicircle completely goes out of frequency window and only second semicircle remains with increasing size on lowering of temperature. For dielectrics, the Cole-Cole plot may be described by a generalized equation proposed by Haverliak-Negami, with e 0 À e 1 on the real axis, e 00 on the imaginary axis and radius is ðe s À e 1 Þ. Here, the parameters a < 1 and b < 1 stands for the deviation from Debye behavior and a ¼ 1 and b ¼ 1 establishes Debye behavior. Since there is no equivalent Haverliak-Negami expression for impedance, the impedance data is fitted to an equivalent expression,
whose real and imaginary components are related for the Cole-Cole plot as,
where R is the resistance term, s represents the characteristic relaxation time, 0 < a < 1 and 0 < b < 1 are the symmetric and asymmetric broadening respectively. a ¼ 1 and b ¼ 1, corresponds to the Debye case, hence the above equation is a generalized form incorporating both Debye and non-Debye cases. The solid lines in the Cole-Cole plot ( Fig. 2 ) of impedance data show the fitting to Eq. (3). The fitting is done in Origin TM software by making use of OriginC options, which facilitates fitting of Nyquist as well as Bode plots simultaneously. The fitting is found to be extremely good. From the fitting, the obtained parameters R, a, b, s, for the two respective semicircles are shown in Fig. 3 , where the numerals 1 and 2 stand for the first and second semicircles, respectively.
A widely followed concept in the appearance of two semicircles in the case of polycrystalline materials is that they stand for the relaxation processes in grain and grain boundaries, respectively. 24 Here, the two semicircles surely represent the two relaxation process, but not the grain and grain-boundary, but to the two crystallographic phases Pbnm and R-3c. Series of samples prepared at different temperatures has been studied by Joly et al., where the authors have shown that glycine nitrate method of preparing LNMO results biphasic samples, with varying degree of Pbnm and R-3c depending on the sintering temperature. 18 For T > 1300 C, purely R-3c phase and for T < 400 C purely Pbnm phase and 400 < T < 1300 C, both phases coexists. Para to ferromagnetic transitions for R-3c phase happens at $ 270 K and that for Pbnm phase $150 K. The temperature dependence of magnetization of our sample is shown in Fig. 3(a) . The data are in good agreement with that obtained by Joly et al., where R-3c phase transition $270 K and Pbnm phase transition $150 K are clearly seen. Based on the magnetization response, the temperature range is divided in three regions: (1) T > 270 K, both Pbnm and R-3c phases are in paramagnetic state, (2) 150 K < T < 270 K, R-3c ferromagnetic and Pbnm still paramagnetic, (3) T < 150 K, both Pbnm and R-3c are ferromagnetic. The R1 and R2 parameters obtained from the fitting are plotted in Fig. 3(b) . At 300 K and above, only R1 is in the window and R2 is apparent only below 280 K, though could not be measured accurately until 250 K.
At the onset of magnetic ordering $285 K for R-3c phase (obtained from the peak of derivative of M-T plot), the behaviour of resistivity corresponding to R-3c phase changes and rises more steeply. Below Tc, the resistivity of R-3c phase shows logarithmic increase of resistivity with decrease in temperature, till 140 K. In the same temperature range, rise in R2 is slightly steeper than that of R1. At 170 K, R1 disappears whereas R2 shows a discontinuity and rises more steeply below 170 K.
It is customary to fit the so-obtained resistance values to hopping models: (1) nearest neighbor hopping
, where an electron hops to the nearest localized state higher by E hop from the former state or (2) variable range hopping model q ¼ q 0 exp
, where the probability of nearest neighbor hopping decreases because of low temperature and the electron has to hop between some remote states. 31 Hence, a general form of hopping expression may be written as q / exp may be fitted to straight line. But it is the value of exponent which determines the actual hopping process: x ¼ 1=4 for a Mott VRH and x ¼ 1 for nearest neighbor hopping. To obtain the exponent x, we plotted the lnðln qÞ vs ln T (see Fig. 4 ), whose slope gives the exponent "Àx." 32 From the plot, it is very clear that the high temperature region is dominated by nearest neighbor hopping (x $ 0.9) which tends towards Mott VRH (x $ 0.25) with lowering of temperature. One interesting point which may be noted from the plot is that the exponent values are independent for the two crystallographic phases R1 and R2, indicating independent hopping processes in the respective phases. For comparison purpose, the resistance data obtained from the dc measurement are also shown in the same plot.
The s 1 and s 2 obtained from the Cole-Cole plots is shown in Fig. 3(c) . Similar to R1 and R2 plot, here also two well distinguished relaxation times corresponding to the two phases are seen. One important point also observed in the plot is that, before the onset of T c2 , i.e., in the paramagnetic state of Pbnm, the s 2 equals s 1 , i.e., Pbnm phase is relaxing at par with R-3c phase. Only below T c2 , when Pbnm phase enters ferromagnetic region, s 2 attains a different value smaller than s 1 . This is a very clear evidence of strong magneto-electric coupling, where magnetic ordering influences the dielectric relaxation process. The relaxation times so obtained are often found to obey activated behaviour
. Plot of ln s vs 1000=T in Fig. 5 showing the linear behaviour confirms the activated behaviour of relaxation time. From the fitting, the activation energy E a and s 0 obtained for R-3c and Pbnm phases are 0.147 eV and 0.088 eV and 2:2 Â 10 À8 s and 4:8 Â 10 À8 s, respectively. Because of lower value of activation energy in Pbnm phase than that in R-3c phase, below 150 K the relaxations are occurring via Pbnm phase. Probably that is why only one semicircle corresponding to Pbnm is appears for T < 150 K where as that of R-3c is absent. For 270 T < 285 K, the relaxation time s 1 shows abrupt jump. Similar jump is seen in the plot of R (Fig. 3(b) ) and drop in a1 (Fig. 3(d) ) and b1 ( Fig. 3(e) ). These abruptnesses might be related to Griffiths like phase in the same temperature region (discussed later).
Figs. 3(d) and 3(e) show the parameters for symmetric and asymmetric broadening a and b for the phases 1 and 2. Deviations from unity in the values of a and b are an indication of non-Debye nature of relaxations. According to the plot, their values prior to ferromagnetic transitions for the respective phases are less than unity and after transition, they take a stable unity value. This indicates that the relaxation above ferromagnetic transition temperature might be associated with non-Debye nature of relaxations. Interestingly, the a and b for the phases 1 and 2 are independent and only depend on the respective magnetic state of the phases.
To acquire more in-depth information on this, the imaginary component of impedance and modulus data are co-plotted in the same graph (see Fig. 6 ). Coincidence of maxima position for the two at the same value of frequency reflects Debye nature, whereas at separate positions marks the non-Debye nature of relaxation. In the plot, dotted lines are used to locate and match the maxima positions in impedance and modulus spectra.
For the sake of clarity, only selected temperature data are plotted and the impedance (normalized with respect to peak values) graphs are relatively off-shifted. Based on their behaviour, the impedance spectra are divided in two sections, T > 170 K and T < 170 K. For T < 170 K, there is one-to-one correspondence of the impedance and modulus maxima. Whereas for T > 170 K, the impedance and modulus maxima are well separated on frequency scale. However, a small shoulder is seen in the impedance spectra right at the maxima position of modulus (shown by upward arrow) and similarly for the modulus spectra as well. Since impedance spectra are dominated by resistive component and modulus spectra are dominated by capacitive component, 33 such behaviour also indicates the important role played by magnetic ordering in the relaxation of resistive and capacitive components. In spite of differences, some correlation does exist between the two components (T > 170 K), probably because of magnetic ordering of R-3c phase. In terms of nature of relaxation, below 170 K is dominated by Debye nature where both resistive and capacitive terms relax with same time constant, whereas above 170 K, the two components relax with different time.
In the previous discussions, we have shown that both Debye and non-Debye processes contribute to the relaxation. However, nothing has been said so far about the dielectric relaxations. It is important to know the nature of the relaxing dipoles, that is whether the dielectric relaxation is originated from intrinsic dipoles or do they have the origin from the extrinsic charge carriers. In order to address this issue frequency dependence of imaginary part of dielectric e 00 at various temperatures is plotted in Fig. 7 . A monotonous decrease in e 00 with increasing frequency (at low frequency) is an indication of dominant Maxwell-Wagner type mechanism of dipolar relaxation. In an attempt to fit the data with Maxwell Wagner model alone, we found the fitting deviates from the experimental data at higher frequencies (see inset of Fig. 7) , suggesting multiple dielectric relaxation mechanisms. Hence, in second attempt (see Fig. 7 ), intrinsic dipolar relaxation or Debye type relaxation mechanism is also incorporated along with the Maxwell-Wagner relaxation mechanism. 3 The fitting (red solid line) is found to be very good. This show that both Maxwell-Wagner and Debye type dielectric relaxations contributes. For the sake of clarity, only selected temperature data are shown.
In search for the origin of non-Debye nature of relaxation in LNM, we came across reports of short range ordering before the actual T c (Refs. 34 and 35) and hence possibility of Griffiths like phase. 36 For a Griffiths phase, the v À1 deviates from the linear paramagnetic behavior at T G and drops sharply much before the actual T c . Application of magnetic field restores this behavior. 37, 38 Hence to confirm this, the inverse of dc susceptibility v À1 is plotted as a function of temperature ( Fig. 8(a) ). For the sake of clarity, v À1 is plotted in log scale.
The data are found to be slightly oppressed in 150 K < T < 225 K, and increasing magnetic field suppresses this oppression, but at the same time v À1 value rises slightly. This raises a possibility of Griffiths phase in the sample, as R-3c phase (which is also major phase) is already in ferromagnetic state. In Fig. 8(b) , the data are linearly fitted in the region before any magnetic ordering takes place, i.e., in the paramagnetic region. In this region itself, we find two types of behavior which is fitted linearly and extrapolated till x-axis intercept. Linear fitting of high temperature (T > 315 K) data (line A) makes an x-axis intercept at $230 K, which also happens to be the initiation of ordering of Pbnm phase (see the deviation of magnetization data below 230 K, in Fig. 8(b) ) hence named h 2 . For the linear fitting of data below 315 K (line B), the intercept happens at $277 K, which is close to the ordering temperature for R-3c phase, hence named h 1 . Surprisingly, T c ¼ 285 K obtained from the peak position of derivative of magnetization data differs from h 1 , hence the data in the region 277-285 K need to be examined more closely. Fig. 9 shows the magnified view of temperature dependence of v À1 in the Griffiths suspected region 277-285 K. The data taken for 0.01 T magnetic field deviate from the linear paramagnetic behavior at 295 K and drops little faster. Linear extrapolation of this region gives x-axis intercept at $282 K, which also happens to be the peak position of derivative of magnetization data. On applying 0.1 T magnetic field, this sudden drop vanishes and the data follows a linear behavior as per the data above 290 K. At these temperatures, both the crystallographic phases are paramagnetic, hence such behavior is reminiscent of Griffiths phase above 277 K having T G ¼ 295 K.
Earlier we saw that the dielectric relaxation time is strongly linked to the magnetic ordering present. Hence to know if the spin relaxation too follows the dielectric relaxation behaviour, we performed the magnetization decay measurements as a function of time at two temperatures, viz., 250 K (only R-3c phase is magnetically ordered) and 5 K (both phases are magnetically ordered). A good exponential decay fit (see inset of Fig. 9 ) to the data is found for combination of three different time constants 4100 s, 480 s, and 60 s. Surprisingly, the three time constants at the two temperatures, 5 K and 250 K, remain same within the experimental errors. This shows that in spite of close association of magnetic ordering with dielectric relaxation, the respective magnetic orderings hardly interferes with the spin dynamics of each other's phases.
IV. CONCLUSION
Polycrystalline LMN prepared via sol-gel nitrate method is biphasic (R-3c and Pbmn) in nature. The R-3c and Pbmn phase orders ferromagnetically at 277 K and 160 K, respectively. The impedance data are analysed via Nyquist plot and the corresponding resistance, time constant and symmetric and asymmetric broadening parameters are obtained from the fitting of Nyquist plot. Plot of resistance as a function of temperature shows hopping nature of conduction with extended hopping at room temperature and transition to Mott VRH at low temperature. The time constants for the two phases show activated behaviour with activation energy 0.147 eV and 0.088 eV for R-3c and Pbnm phases, respectively. Also, indication of strong magnetic ordering dependent dielectric relaxation is seen in the time constant plot. The values of symmetric and asymmetric broadening parameters show Debye type relaxations in the ferromagnetic region of respective phases and Non-Debye nature before the ferromagnetic ordering temperature. Signature of Griffiths phase is seen in the temperature range 277-295 K. Interestingly, the spin relaxation seen in the Magnetization vs time plot at 250 K and 5 K, shows relaxation with same time constants, indicates similar spin dynamics at the two temperatures. 
